Rheumatoid arthritis (RA) is a common disease of unknown aetiology which usually causes progressive destruction of the joints. Familial aggregation, twin studies and segregation analyses suggest that there is a genetic component to RA and the HLA-DRB1 locus in the major histocompatibility complex on chromosome 6 has been shown to be linked to, and associated with, RA susceptibility. It is likely that other genes with weaker effects are also involved, which may be difficult to detect using conventional parametric and non-parametric linkage methods. We have implemented the combined sib-TDT and TDT, in addition to parametric and non-parametric linkage methods, to investigate the candidate genes of the interleukin-1 (IL-1) gene cluster on chromosome region 2q13, since IL-1 is an important cytokine in the control of the inflammatory response that is central to RA pathology. Several tightly linked IL-1 cluster markers yielded suggestive evidence for linkage in the combined TDT in those families in which affected siblings did not share two HLA-DRB1 alleles identical by descent. The evidence was significant in those with severe disease, as assessed by the presence of bone erosions. In contrast, there was no evidence of linkage using non-parametric linkage analysis, but parametric analysis revealed weak evidence of linkage when marker-trait disequilibrium was incorporated into the analysis. The data provide preliminary evidence for linkage of genes of the IL-1 cluster to RA and suggest a possible role for this region in severe erosive disease.
INTRODUCTION
Many autoimmune and inflammatory disorders are multifactorial diseases in which there is a single major gene (often in the major histocompatibility complex) and in addition many minor genes. In insulin-dependent diabetes mellitus, for example, there are~15 candidate minor genes which are at present being identified and characterized (1) . Since these minor loci contribute little to the overall familial clustering of the disease, they are difficult to detect by sib pair linkage analysis and preliminary positive results in genome-wide scans have proved hard to replicate (2, 3) . The minor genes may have weak effects individually, but may nevertheless be important in combination with other genes, due to epistasis or other interactions. Alternatively, they may have weak effects in the overall population but may be very important in particular subsets of families. Therefore, identification of these genes makes an important contribution to our understanding of disease aetiology.
Methods that rely on the close physical proximity (or identity) of disease genes and markers (and thus allelic association between them) can be more sensitive than traditional allele sharing linkage analysis methods and are arguably more useful for detecting genes of weak effect. At present, associationbased methods can be applied in a candidate gene or candidate region approach, but in the future, when sufficient biallelic markers (SNPs) are available, whole-genome screening may become feasible using this approach (4, 5) . One of the most robust and powerful of these methods is the transmission/ disequilibrium test (TDT), which has recently been extended to families in which parents are unavailable (the sib-TDT) (6) . The sib-TDT, like the TDT, is a test for linkage in the presence of an association and avoids the pitfalls of population stratification inherent in population-based association studies (6, 7) . The sib-TDT and related methods are thus likely to become important with regard to late onset diseases such as rheumatoid arthritis (RA).
RA is an example of a multifactorial inflammatory disease with a relatively low degree of familial clustering (λ s = 2-8) (8, 9) and it is well established that genes of the MHC, closely linked to HLA-DRB1 or HLA-DRB1 itself, account for >30% of the genetic component of the disease (10) . Preliminary results from genome scans indicate that there is at least one more disease susceptibility locus and it is likely that there will be several minor genes that will contribute to it (11, 12) . One of the most important candidates in RA (together with tumor necrosis factor) is interleukin-1 (IL-1), which is secreted by activated macrophages in the inflamed synovium and initiates the recruitment of immune cells and the progression of inflammation (reviewed in ref. 13 ). In some animal models of RA, IL-1 is required for development of the disease (14, 15) and IL-1 also stimulates bone resorption (16, 17) . With this spectrum of activities, it is plausible that IL-1 may be associated with either disease susceptibility and/or severity and there is some evidence that it may be a severity factor in other autoimmune diseases (18) . The IL-1 system consists of two agonist molecules, IL-1α and β, and the structurally related IL-1 receptor antagonist; competition between these molecules for receptor binding sites in part determines the overall level of IL-1 activity. The three IL-1 genes are clustered within 430 kb on the long arm of chromosome 2 (19) . Thus, disease associations with the IL-1 genes may be complex, resulting from a combination of functional interactions at the protein level and linkage disequilibrium between the genes (20) .
We have used the combined sib-TDT and TDT, in conjunction with parametric and non-parametric linkage analysis, to investigate the role of the IL-1 gene cluster in RA and, in particular, in the erosive form of the disease.
RESULTS
We carried out a preliminary scan of the IL-1 region for linkage/association to the RA phenotype, in multiplex RA families from the Arthritis Research Campaign's National Repository. A total of 195 nuclear families were genotyped for five microsatellite and four single nucleotide polymorphic markers in the IL-1 gene cluster; the same families had been previously genotyped for HLA-DRB1 (21) . The physical marker map of the cluster is shown in Figure 1 . Z scores for the combined TDT were determined for the three most common alleles of each multiallelic marker and the rare alleles of the biallelic markers in the overall dataset and after stratification according to the HLA-DRB1 allele sharing status of the affected sibling pairs (Materials and Methods; Table 1) . Whilst no single allele tested yielded a Z score that was significant at the threshold of 0.001 (taking into account correction for multiple tests; see Materials and Methods), there was evidence of linkage to the RA phenotype, as judged by the presence of several nominally significant results distributed across the gene cluster. Seven of the Z scores corresponded to P-values of <0.05 and six were <0.02, (i.e. indicating suggestive linkage evidence; see Materials and Methods). Five of the latter were in the HLA-DRB1 (1,0) dataset. In contrast, there was no evidence of transmission distortion of any of the alleles in the 89 HLA-DRB1 (2) families; in fact in these families there was a tendency in most cases towards bias of the relevant alleles in the opposite direction to that in the HLA-DRB1 (1,0) families (Table 1 ). We concluded from this preliminary scan of the IL-1 gene cluster that there was suggestive evidence of linkage of the IL-1 region to RA, which was most evident in those families not linked to HLA-DRB1.
We hypothesized from the biological activities of IL-1 that one of the most likely roles of the IL-1 genes in RA would be in bone erosion and thus the apparent linkage to RA in the HLA-DRB1 (1,0) families could be due to those individuals with erosive disease. Table 2 shows that the majority of individuals for whom data on erosions were available had erosive disease in all three data sets. We carried out the combined TDT specifically on the erosive phenotype for the five marker alleles with P-values <0.05 in the HLA-DRB1 (1,0) data set: D2S160 allele 4, 222/223 allele 3, gz5/gz6 allele 3, -511 allele 1 and gaat allele 1. In this analysis, individuals with RA but with no erosions were classed as 'unaffected' for the purposes of the sib-TDT and individuals without RA were classed as 'unknowns' and thus did not contribute to the analysis. This coding was used in an effort to separate the erosive phenotype from the RA phenotype. Individuals without RA were classed as unknown rather than unaffected since they may possess putative erosion susceptibility alleles that would not be Results for the allele from each marker with the greatest positive bias in the overall data set are shown. P > 0.05 (uncorrected) are indicated by NS. P < 0.05 and their corresponding Z scores are highlighted in bold.
Marker
Allele Overall data set expressed in the absence of RA, thus reducing the power for the analysis of erosions. Four out of five of the alleles previously identified are over-transmitted in this erosive group (P < 0.05), despite the smaller number of units available ( Table 3) . The result for gaat allele 1 (P < 0.0008) is significant at the study-wide threshold of P = 0.001. Thus these data support linkage of IL-1 to erosive RA, but we cannot exclude linkage to non-erosive RA, since insufficient non-erosive individuals were available in this data set. We used two methods which take different approaches to try to identify disease haplotypes. These were the 3-marker haplotype method described by Merriman et al. (22) and the TRANSMIT algorithm of Clayton (D. Clayton, manuscript in preparation). Use of the Merriman method (Materials and Methods) identified a disease haplotype consisting of the alleles 3 2 3 2 1 1 at the markers 222/223, IL1A+4845, gz5/gz6, IL1B+3954, IL1B-511 and gaat, respectively. The TRANS-MIT program identified both this and another haplotype (4 1 4 1 1 1) as being over-transmitted to diseased individuals (P = 0.08 and P = 0.01, respectively).
We also investigated whether linkage could be detected by use of conventional parametric and non-parametric linkage analysis in the HLA-DRB1 (1,0) families. There was no evidence of linkage using the multipoint non-parametric option of GENEHUNTER (23); the NPL scores for the overall set of families and the two HLA-DRB1 subsets were all negative, despite the high information content of the region (Materials and Methods). Using the two multiallelic markers that had yielded strong signals in the combined TDT analysis (222/223 and gaat), we carried out single locus parametric linkage analysis in the HLA-DRB1 (1,0) families by use of the LINKAGE package (24) . Likelihoods were determined under the two assumptions of disease-marker linkage equilibrium and disease-marker linkage disequilibrium, with one dominant and one recessive model in each case. Only the RA phenotype was considered, since there were insufficient data on erosions to test the erosive phenotype. Under equilibrium there was no convincing evidence for linkage to RA in 54 families ( Table  4 ). The incorporation of linkage disequilibrium into the analysis did yield a considerable improvement in the LOD scores under both models. A LOD score of 1.268 was obtained under the dominant model (Table 4) . This corresponds to a P-value of 0.009 and could be taken as suggestive evidence for linkage. The weakness of these LOD scores was perhaps not surprising since we found the power of these families to be low when ELODS (expected LODS; Materials and Methods) were considered from simulated data (the average power per family to exceed a LOD score of 1.0 was only 0.5% for the dominant model and 1.96% for the recessive model). In comparison, 40 TDT units would have 80% power to detect a 1.4-fold increase in transmission probability at a significance threshold of 0.05. Thus, these families would have considerably more power for the TDT than for parametric linkage analysis.
DISCUSSION
In the study presented here, the combined TDT provides evidence for linkage of several markers of the IL-1 gene cluster to erosive RA in those families in which siblings do not share two HLA-DRB1 alleles identical by descent. However, we failed to detect evidence for linkage to RA in this region using nonparametric allele sharing methods, consistent with two previous reports in which these methods were used. John et al. (25) excluded a gene of λ s > 1.7 at IL1A and a recent genome-wide scan in European families did not report evidence for linkage in the region (11) . A third more recent preliminary report (26) has indicated some evidence for increased allele sharing of IL-1 markers in 97 of the same European families used by Cornelis and colleagues. With regard to parametric linkage analysis, we did obtain positive LOD scores when marker-trait disequilibrium was incorporated into the analysis, despite the low power of these families, providing some support for the combined TDT results. Overall, our results are consistent with the idea that parametric linkage approaches with two general models (and the incorporation of linkage disequilibrium) can be more powerful in complex diseases than non-parametric methods (27) (28) (29) (30) and also that the TDT can be more sensitive in identifying genes of small effect (4). The sib-TDT and similar methods that use unaffected siblings are of particular value in late onset diseases, where parental data are often unavailable, allowing the use of data from such families. However, the power of such methods is not as great as that of the TDT for complex diseases with low penetrance, since unaffected siblings carrying disease-predisposing alleles may develop the disease later in life or fail to develop it due to reduced penetrance (6) . Our data are most consistent with the hypothesis that IL-1 genotype affects susceptibility to erosions in persons with RA. However, with the current data set we cannot exclude that it may affect susceptibility to RA itself, since we have insufficient non-erosive subjects. An alternative use of the data in a case-control analysis also confirmed the same markers to be associated with erosive RA (data not shown). Further studies on erosive and non-erosive subjects will be required to resolve this issue.
The interaction between IL-1 and the MHC is also of interest. It is well established that HLA-DRB1 genes are an important risk factor for erosive disease (31) and our data are consistent with heterogeneity between IL-1 and HLA-DRB1 with regard to erosions. In other words, in those families linked to the MHC, IL-1 seems to have no additional effect on susceptibility to erosions, but in those families unlinked to the MHC, IL-1 does seem to be a risk factor for erosions. Since IL-1 is known to induce metalloproteinase enzymes that destroy the matrix of bone and cartilage and to stimulate bone resorption, then it is quite plausible on biological grounds that IL-1 would be a risk factor for erosive RA, regardless of any possible interaction with HLA-DRB1 (17, 32, 33) .
The analysis of disease haplotypes is problematical in this type of data set since genotype information on one or both parents was only available for a minority of the families (56/195). Thus, in the remaining families assignment of parental haplotypes was more uncertain. We used two approaches to attempt to identify disease haplotypes and although these methods gave some agreement, neither method dealt satisfactorily with this problem and thus the results must be interpreted with caution.
Notwithstanding these difficulties, we identified the 3 2 3 2 1 1 haplotype using the method of Merriman et al. (22) and this haplotype was found to be the second most over-transmitted using the TRANSMIT program, with the 4 1 4 1 1 1 haplotype being the other. These share common alleles at the telomeric end of the gene cluster, namely allele 1 at IL1B-511 and allele 1 at gaat, whilst they diverge centromeric to IL1B-511. This could reflect a single locus at the telomeric end or indicate that due to interaction between the IL-1 loci, there is more than one disease-predisposing combination of alleles. The net biological activity of IL-1 results from the relative levels of IL-1α, IL-1β and IL-1 receptor antagonist binding to the soluble and membrane-bound IL-1 receptors; therefore, it might be expected that several combinations of alleles at the three genes, perhaps associated with high IL-1α and IL-1β and low IL-1 receptor antagonist for example, will affect the overall predisposition to inflammatory disease in an individual. For example, it has been shown that allele 2 of the +3954 marker of IL1B is associated with high IL-1β production from stimulated peripheral blood monocytes, which would be consistent with the 3 2 3 2 1 1 haplotype predisposing to erosive RA (34, 35) . Ιt may be best to carry out studies of the combinatorial effects by use of a case-control design, in which the interactions between heterozygous and homozygous genotypes at different loci can be readily considered, in conjunction with careful distinction of the erosive and non-erosive phenotypes.
In conclusion, we have found preliminary evidence to suggest that the IL-1 gene cluster is linked to erosive RA. Followup studies are now necessary to confirm these findings and to investigate the interactions between the IL-1 genes themselves and between the IL-1 genes and HLA-DRB1, in particular in erosive disease. Such studies will help elucidate the pathogenesis of this debilitating disease.
MATERIALS AND METHODS

Subjects
The subjects studied were ascertained from the Arthritis Research Campaign's National Repository of multicase rheumatoid arthritis families. Details of family recruitment and case verification are described elsewhere (21) . Cases were considered as having RA if they satisfied the ACR criteria modified for use in genetic studies (36) . Subjects were classified as erosive if there was a documented presence of radiological erosions in the hands or feet. A total of 187 pedigrees was used in this study, which included 195 nuclear families. In 41 of these families, both parents of the affected proband(s) were available for study. The numbers of affected and unaffected non-founder individuals are shown in Table 2 . The average age of onset of RA in the affected individuals was 40.3 (±13.6) years. Details of the pedigrees can be found at the ARC National Repository website (http://www.arc.man.ac.uk/natrep.html ).
Markers and genotyping
The positions of the marker loci are shown in Figure 1 . Physical distances between the markers have been determined previously (20, 37) . The genotyping and analyses of the microsatellite markers gaat.p33330 (hereafter abbreviated to gaat), Y31, 222/223 and gz5/gz6 were carried out as described previously (20) , except that Amplitaq Gold (PE Biosystems, Foster City, CA) was used for the gz5/gz6 PCRs. Primers for D2S160 were 5'-TGTACCTAAGCCCACCCTTTAGAGC and TGGC-CTCCAGAAACCTCCAA (Genome Data Base accession no. 133520; http://gdbwww.gdb.org/ ).
IL1A +4845, IL1B -511 and ILRN +2018 markers were genotyped by 5'-nuclease PCR using the PE Biosystems Taqman allelic discrimination system (38), using primers and fluorescent probes designed by use of Primer Express software (PE Biosystems). IL1B +3954 (formerly +3953) PCRs were carried out by PCR-RFLP as described previously (20) and HLA-DRB1 genotyping of these individuals has been detailed elsewhere (21) .
Data analysis
The combined TDT and sib-TDT was carried out as described by Spielman and Ewens (6) . As suggested by these authors, the TDT was used in those families for which both parents were available, with at least one of them heterozygous for the marker under consideration, and the sib-TDT was used in the remaining families for which there were one or more unaffected siblings with a genotype different to that of the proband. As described by Spielman and Ewens (6), the results for both sib-TDT and TDT were expressed as a Z score and combined, and P-values were determined by use of the normal distribution approximation. The number of test units, where a unit for the sib-TDT was a family and a unit for the TDT was a heterozygous parent-offspring pair, were also calculated. Since we have used multiplex families in these analyses, the combined TDT is only valid as a test for linkage and not as a test for association, since the siblings are not independent. Nevertheless, there must be an association present in order to detect linkage with this method. Since the HLA-DRB1 locus is a major gene in RA, the families were stratified according to HLA-DRB1 allele sharing status in affected sibling pairs, as has been described by others (11) . HLA-DRB1 identity by descent allele sharing probabilities for each affected sib pair were determined by use of MAPMAKER-SIBS (39) and this information was used to stratify the families into two groups; HLA-DRB1 (1,0) and HLA-DRB1 (2). Families were considered to be HLA-DRB1 (1,0) if all or the majority of their affected sib pairs had 0 probability of sharing two alleles identical by descent; otherwise they were classified as HLA-DRB1 (2). Out of 167 nuclear families for which HLA-DRB1 data were available, there were 78 HLA-DRB1 (1,0) families and 89 HLA-DRB1 (2) families.
The three most common alleles of each multiallelic marker were tested and the rare allele of each of the biallelic markers. (Note that although gz5/gz6 has four alleles, only alleles 3 and 4 are observed in this data set, therefore this marker was treated as biallelic.) The same 17 alleles were tested in the HLA-DRB1 (1,0) and HLA-DRB1 (2) data subsets (see Table 1 ) and then five of these alleles were retested against the erosive phenotype (Table 3 ). In such a study it is difficult to determine the appropriate value for the significance threshold. The individual markers in this study are closely correlated, as they are all within 1.2 cM of one another and there is considerable linkage disequilibrium between them (20) . Therefore, the main issue is the non-independence of the markers, which makes the Bonferroni correction over-conservative. Bearing this in mind, we feel a correction equivalent to 52 independent tests is reasonable. Without any a priori hypothesis regarding the direction of expected transmission distortion, we feel it is appropriate to correct the biallelic markers for two tests and the multiallelic markers for four tests (the three alleles tested +1), making 26 tests in all. When applied to two independent data sets, HLA-DRB1 (1,0) and HLA DRB1 (2), this yields an overall correction factor of 52 on which to base a study-wide significance threshold. We have therefore used a study-wide significance threshold of 0.05/52 = 0.001 and have also considered a threshold of 1/52 = 0.02 as suggestive evidence for linkage. The Pvalues quoted throughout the paper are uncorrected, to allow the reader to interpret them against whichever threshold they feel is appropriate.
Haplotype analysis was carried out using two methods. For the three-marker haplotype method described by Merriman et al. (22) the haplotype option of GENEHUNTER (23) was used to infer the most likely founder multimarker haplotypes in each pedigree. These were haplotypes of markers only, with no information on disease allele status. This information was used to identify a marker haplotype containing the ancestral disease mutation, as described by Merriman et al. (22) . The degree of linkage disequilibrium was determined between a threemarker haplotype and the neighbouring marker amongst RA affected non-founder individuals (n = 398; Table 2 ). D' values were used as the measure of disequilibrium, as defined by Devlin and Risch (40) . This procedure was carried out in both directions starting from the 1 1 IL1B -511 gaat haplotype, since these adjacent markers showed the strongest evidence for linkage in the combined TDT. Thus, a series of overlapping three-marker haplotypes were identified, representing the putative disease-associated haplotype. An alternative haplotype analysis was carried out using the TRANSMIT program, which carries out a TDT after assigning haplotypes for each family (D. Clayton, manuscript in preparation). This program was found to be inefficient for families where no parental genotype information was available and thus could only be applied to 56 of the 195 nuclear families. Alleles of the multiallelic markers with frequencies <5% were aggregated and haplotypes with frequencies of <10% were pooled when computing tests. χ 2 tests were considered valid if the variances of observed minus expected haplotype transmissions were >5. Thus, χ 2 tests were performed on six haplotypes. Whilst the GENEHUNTER method used the whole data set, in many cases the haplotype assignment reported by the program would only be one of several or many assignments with equal likelihoods and thus the D' values may be unreliable. The TRANS-MIT program, on the other hand, could only be applied to the subset of the data for which the haplotype assignments were less uncertain.
Multipoint non-parametric analysis was carried out by use of GENEHUNTER, using the NPL all statistic, to take into account identity by descent sharing between all affected members of each pedigree. The minimum information content in the multipoint analysis was 0.78. Two-point parametric linkage analysis (i.e. one disease locus and one marker locus) was carried out by use of the MLINK and ILINK options of the LINKAGE package (24, 41) . Since it has been shown that the use of two general and complementary models is a powerful approach to the parametric analysis of complex diseases in which the underlying model is unknown (42) , one dominant and one recessive general model were used. A population prevalence of 0.01 and a disease penetrance of 0.5 were assumed to calculate the sporadic rates. Under dominance, the disease allele frequency used was 0.002, with penetrances f DD = f Dd = 0.5, f dd = 0.008, and for the recessive model, the disease allele frequency used was 0.0632, with penetrances f DD = 0.5, f Dd = f dd = 0.008. The power of parametric linkage analysis can be greatly improved when marker-trait disequilibrium is incorporated into the analysis (28-30) ; therefore, the analyses were carried out separately under the assumptions of linkage equilibrium and linkage disequilibrium between the disease and marker loci. The assumption of linkage disequilibrium is a reasonable one for a candidate gene approach using tightly spaced markers, as is the case here. Under linkage disequilibrium, disease-marker haplotype frequencies were used in the likelihood calculations, which incorporates phase information into phase-unknown matings. The disease-marker haplotype frequencies were determined by use of the EH program (41) , under the two models described above. The marker genotype frequencies used to determine disease-marker haplotype frequencies were obtained from a set of unrelated probands from the HLA-DRB1 (1,0) group (n = 77) and 212 unrelated healthy control individuals described previously (20) .
To estimate the power of the families to detect linkage, simulation was carried out to allow ELODS to be determined for these families under the assumption of linkage. The simulation assumed a marker with six alleles of equal frequency, at a recombination fraction of 0.05, under the dominant and recessive models described above using 100 replicates for each family. Upper confidence limits (mean ± SD, i.e. the 84th percentile) for two point ELODS were determined with the same models by use of SLINK (43, 44) . The simulated marker had a PIC value of 0.8 and the gaat and 222/223 markers used in the analysis of the real data had PIC values of 0.4 and 0.7, respectively. The magnitude of linkage/association that it was possible to detect by use of the combined TDT, given the average number of units available across the markers in the two subsets, was also calculated.
